How individual cells respond to mechanical forces is of considerable interest to biologists as force affects many aspects of cell behaviour 1 . The application of force on integrins triggers cytoskeletal rearrangements and growth of the associated adhesion complex, resulting in increased cellular stiffness 2,3 , also known as reinforcement 4 . Although RhoA has been shown to play a role during reinforcement 3 , the molecular mechanisms that regulate its activity are unknown. By combining biochemical and biophysical approaches, we identified two guanine nucleotide exchange factors (GEFs), LARG and GEF-H1, as key molecules that regulate the cellular adaptation to force. We show that stimulation of integrins with tensional force triggers activation of these two GEFs and their recruitment to adhesion complexes. Surprisingly, activation of LARG and GEF-H1 involves distinct signalling pathways. Our results reveal that LARG is activated by the Src family tyrosine kinase Fyn, whereas GEF-H1 catalytic activity is enhanced by ERK downstream of a signalling cascade that includes FAK and Ras.
indicating that integrin engagement is necessary for RhoA activation in response to force.
GEFs increase the activity of RhoA by promoting the exchange of GDP for GTP (ref. 7) . Considering that the application of force on integrin-based adhesions activates RhoA, we formed a hypothesis that GEFs specific for RhoA may be recruited to the adhesion complex. To test this hypothesis, we isolated adhesion complexes by separating the fibronectin-coated beads from the lysates of cells stimulated with constant force for different amounts of time. As expected, we found vinculin and focal adhesion kinase (FAK), but not tubulin, in the fraction ( Supplementary Fig. S1d ). Similar to previous studies 8, 9 , we found that force induced recruitment of vinculin to the adhesion complex ( Supplementary Fig. S1d ). We found that p115, GEF-H1 and LARG (leukaemia-associated Rho GEF) were present in the adhesion complex ( Fig. 1c) . Interestingly, the application of force induced the recruitment of LARG and GEF-H1 to the adhesion complex, whereas p115 localization at the adhesion complex was unaffected by tension. To ensure that the detection of p115, LARG and GEF-H1 in the adhesion complex was not due to nonspecific association with the beads, we carried out the same experiment with beads coated with an anti-transferrin receptor (TfR). As expected, we were able to detect TfR, but not p115, LARG or GEF-H1, in the bead-associated complex ( Supplementary Fig. S1e ). Adhesion-mediated activation of LARG and p115 and their colocalization with adhesion proteins have already been demonstrated 10 . However, the presence of the microtubule-associated GEF, GEF-H1, in integrin-based adhesion complexes was unexpected. We next investigated whether the activity of these GEFs was affected by mechanical force. We carried out affinity pulldown assays with a nucleotide-free RhoA mutant, RhoA G17A , as described earlier 11 . This revealed that force applied to fibronectin-coated beads increased LARG and GEF-H1 activities, but had no effect on the activities of several other RhoA GEFs such as Ect2 (epithelial cell transforming (c) REF52 cells were incubated for 30 min with fibronectin-coated beads and stimulated with tensional force using a permanent magnet for different amounts of time before cell lysis. After magnetic separation of the adhesion complex fraction, the lysate and the adhesion complex fraction were analysed by western blotting. All results are representative of at least three independent experiments. (d) REF52 cells were incubated for 30 min with fibronectin-coated beads and stimulated with tensional force using a permanent magnet for different amounts of time before cell lysis. Active GEFs were sedimented with GST-RhoA G17A and analysed by western blotting. All results are representative of at least three independent experiments. (e,f) REF52 cells were transfected for 48 h with control siRNA or siRNA targeting p115, GEF-H1, LARG or both GEF-H1 and LARG, and incubated for 30 min with fibronectin-coated beads. (e) After stimulation with tensional force for 5 min, cells were lysed and active RhoA (RhoA-GTP) was isolated with GST-RBD and analysed by western blotting. (f) The corresponding densitometric analysis. RhoA-GTP is normalized to RhoA levels and expressed relative to the control (error bars represent s.e.m., n = 4). Uncropped images of blots are shown in Supplementary Fig. S5 . sequence 2 oncogene protein), p115 or Net1 (neuroepithelial cell transforming protein 1; Fig. 1d ).
To determine whether these GEFs are responsible for RhoA activation in response to force, we depleted their expression using short interfering RNA (siRNA). Depletion of LARG or GEF-H1 significantly decreased RhoA activation in response to force, whereas knockdown of p115 did not affect the force-induced RhoA activation ( Fig. 1e ,f). Double knockdown of LARG and GEF-H1 totally abrogated RhoA activation. Two independent siRNA duplexes targeting GEF-H1 and LARG generated similar results (data not shown). Integrin-mediated signalling to RhoA is required for rearrangements of the actin cytoskeleton during adhesion. Early adhesion is associated with transient RhoA inhibition and Rac activation, allowing actin protrusion, whereas mature adhesions are associated with the development of RhoA-mediated tension 12 . Previous studies have shown that the transient depression in RhoA activity following integrin engagement involves p190RhoGAP (ref. 13) , and subsequent activation of RhoA involves p115, LARG and p190RhoGEF (refs 10,14) . We show here that the application of force on integrins stimulates the RhoA pathway through an overlapping set of regulators.
We next investigated the role of these GEFs during reinforcement. To study how cells change their mechanical properties in response to mechanical stresses, we used magnetic tweezers to apply controlled force on magnetic beads coated with fibronectin. The local viscoelastic properties of the cells were determined by measuring bead displacements due to a known force induced by a magnetic field 15 . Stimulation with successive pulses of constant force triggered a local change in cellular stiffness, resulting in decreased bead displacement ( Fig. 2a ). To quantify this local increase in stiffness, the spring constant was calculated for each pulse by fitting the bead displacement and force magnitude to a modified Kelvin-Voigt model 16, 17 ( Supplementary  Fig. S2 ). 'Relative cellular stiffness' was calculated by normalizing the spring constant for pulses 2, 3, 4 and 5 to that observed during the first pulse. The change in cellular stiffness was already significant between the first and the second pulse ( Supplementary Fig. S3a ), demonstrating that cellular adaptation to force on integrins is a rapid phenomenon, as previously reported 3, 4 . Using pharmacological inhibitors, it has been shown that RhoA is involved in reinforcement 3 . To examine the role of RhoA during cellular stiffening in our system, we depleted RhoA expression using siRNA. On depletion of RhoA expression, the cells showed decreased rigidity ( Supplementary Fig. S3b,c) . Interestingly, the change in cellular stiffness after the application of pulses of force was no longer detected in the RhoA-knockdown cells ( Fig. 2b ). Expression of an siRNA-resistant mutant of RhoA in the knockdown cells restored the cellular stiffening in response to force ( Fig. 2b ). Similar results were obtained when we treated the cells with the RhoA inhibitor C3 transferase ( Supplementary Fig. S3d ), indicating that RhoA activity is necessary for the cellular adaptation to force. To explore the role of the GEFs during the stiffening response, we depleted their expression using siRNA and monitored the change in cellular stiffness during pulses of force application. We found that knockdown of either p115, LARG, GEF-H1 or Ect2 decreased the basal rigidity of the cells ( Supplementary  Fig. S3e ). Cells depleted of LARG and GEF-H1 suppressed the stiffening response following force application, whereas cells depleted of Ect2 or p115 were still able to significantly increase their stiffness in response to force ( Fig. 2c ). These results indicate that both LARG and GEF-H1 are necessary for cells to adjust their mechanical properties in response to force applied to integrins. We cannot rule out a potential role for p115 in this response, because the knockdown was never as efficient ( Fig. 1e and Supplementary Fig. S3f ) as for LARG and GEF-H1 and because p115 knockdown did decrease the stiffening response ( Fig. 2c ). Src family kinases (SFKs) have been shown to be activated in response to force 18 and to contribute to cellular stiffening in response to force 3 . To test whether SFKs are involved in LARG and GEF-H1 activation by force, we used the SFK inhibitor SU6656. Pharmacological inhibition of SFKs completely prevented LARG activation in response to force ( Fig. 3a) , but had no effect on GEF-H1 activation, indicating that GEF-H1 and LARG are activated through two independent mechanisms. Consistent with this, inhibition of SFKs by SU6656 decreased the level of RhoA activation in response to force (Fig. 3b ). To identify which SFK member is responsible for LARG activation by force, we used the SYF cells (deficient in Src-Yes-Fyn tyrosine kinases). Applying force on fibronectin-coated beads adhering to SYF −/− cells did not increase LARG activity (Fig. 3c ), whereas it stimulated GEF-H1 activity. Surprisingly, expression of Src in the SYF −/− cells did not rescue activation of LARG ( Fig. 3c ). However, re-expression of Fyn in SYF −/− cells did restore LARG activation in response to force. Consistent with this observation, analysis of the mechanical properties of SYF cells revealed that only SYF −/− cells re-expressing Fyn but not Src showed a significant increase in stiffness following the application of tension on fibronectin-coated beads ( Fig. 3d ). We examined whether differences in activity between Fyn and Src in the SYF cells could explain these results, but found that both Src and Fyn are activated by force ( Supplementary Fig. S4a ). It has been reported that LARG can be activated by FAK phosphorylation on tyrosine 19 . Interestingly, we observed that the level of LARG phosphorylation on tyrosine was increased in response to force ( Supplementary  Fig. S4b ) and SFK inhibition prevented this increase. However, we found that FAK inhibition did not affect LARG activation by force ( Fig. 4c ), indicating that Fyn activates LARG in a FAK-independent manner. Fyn has been shown to co-localize at adhesion complexes and to play a role in ECM rigidity sensing 20 . Cells on rigid substrates had more stress fibres 21 and applied more tension on the ECM through their focal adhesions 22 . This indicates that the Fyn-LARG pathway may be stimulated by both cell-generated tension as well as by externally applied force, in both cases contributing to increased cellular stiffness.
GEF-H1 has been shown to be regulated by microtubule binding 23 , coupling microtubule depolymerization with RhoA activation in multiple cellular processes, such as endothelial barrier permeability, migration and dendritic spine morphology 24 . To test whether GEF-H1 activation could result from microtubule depolymerization, we pretreated cells with taxol and analysed GEF-H1 activity using the nucleotide-free RhoA-pulldown assay after the application of force. We found that taxol did not affect GEF-H1 activation by force ( Supplementary Fig. S4d ). This result indicates that GEF-H1 is activated independently of microtubule dissociation and is consistent with previous work that showed that treatment with taxol does not affect RhoA-dependent stress fibre formation in response to stretch 6 . Recent work has shown that the mitogen-activated protein kinase (MAPK) extracellular signal-regulated kinase (ERK) can phosphorylate and activate GEF-H1 (refs 25,26) . To test whether ERK is necessary for GEF-H1 activation in response to force, we used the MEK inhibitor U0126. MEK inhibition prevented GEF-H1 activation by tensional force (Fig. 4a ), but had no effect on LARG activation, confirming that two distinct pathways turn on these two GEFs. ERK has been shown to phosphorylate GEF-H1 on threonine 25 . Consistent with this, GEF-H1 was phosphorylated on threonine in response to force and MEK inhibition prevented GEF-H1 phosphorylation ( Supplementary Fig. S4e ). We next tested whether force on integrins activates ERK and its canonical upstream regulator Ras. We observed that ERK and Ras are rapidly activated in response to tensional forces (Fig. 4b ). It has been shown that integrin-mediated cell adhesion causes activation of the Ras-MAPK pathway, but this activation has been reported to be both dependent on 27 and independent of 28 FAK. We found that FAK inhibition completely abolished ERK and Ras activation by force (Fig. 4b ). When we examined GEF-H1 and LARG activation in response to force we found, as expected, that FAK inhibition prevented GEF-H1 activation and had no effect on LARG activity. This result demonstrates that force on integrins activates GEF-H1 through a signalling cascade that includes FAK, Ras and ERK. It has been shown that complete activation of FAK during integrin-mediated adhesion requires phosphorylation on Tyr 576-577 by Src (ref. 29) . Surprisingly, inhibition of SFKs did not affect GEF-H1 activation by force ( Fig. 3a) . Moreover, SFK inhibition did not prevent Ras and FAK activation in response to force ( Supplementary Fig. S4f ), indicating that force-mediated FAK activation does not require Src. Analysis of the mechanical properties of cells pretreated with U0126 revealed that MEK inhibition prevented the significant increase in stiffness following the application of tension on fibronectin-coated beads (Fig. 4d) .
To measure the role of the GEFs in the stiffening response, we used short pulses of force applied to integrins, whereas to measure their contribution to RhoA activation it was necessary to use longer sustained forces. GEF-H1 and LARG are involved in both the stiffening and the sustained RhoA activation, but there is an interesting difference between these two readouts. With the RhoA measurements, inhibiting one of the GEFs decreased the response but did not abolish it (Fig. 1e,f) . Similarly, blocking the respective upstream signalling pathways led to a decrease in the level of RhoA activation, but only to an intermediate level ( Fig. 3b and Supplementary Fig. S4g ). However, when we examined the stiffening response, inhibiting either pathway blocked the stiffening response (Figs 2c, 3d and 4d ). We suspect that the difference reflects that for stiffening to occur in the short time frame following single pulses, the level of RhoA activation beneath a bead has to reach a certain threshold and that this requires both signalling pathways and both GEFs to be activated.
The MAPKs are known to control gene expression, differentiation and growth in response to growth factors 30 . Here we report that the Ras-MAPK pathway is activated in response to force on integrins and contributes to reinforcement by activating GEF-H1. Recent work has shown that FAK and ERK are activated when cells are grown on rigid substrates 31, 32 and contribute to the malignant phenotype observed in breast cancer cells. Our results demonstrate that GEF-H1 acts downstream of the Ras-MAPK pathway to increase cellular rigidity, indicating that GEF-H1 participates in the control of cellular stiffness in response to substrate rigidity and potentially plays a central role during solid cancer development. Knockdown of GEF-H1 has been reported to not alter the generation of focal adhesions 14, 33 but to modify their growth. Externally applied forces 34 as well as cell-generated tension 9, 35 are known to play a critical role during the growth of focal adhesions. This indicates that force experienced by focal adhesions, whether externally applied or generated Supplementary Fig. S5. by the actomyosin contractility, activates GEF-H1, which in turn may regulate the maturation of focal adhesions. This potential role in linking force to focal adhesion maturation could explain why depletion of GEF-H1 and MEK inhibition affect migration as previously reported 33, 36 .
The external mechanical and stress environment of the cell impacts cell differentiation and gene expression 37 . The mechanical stiffness of the cell will determine its own strain distribution and hence the specific manner and degree of its mechanically activated signalling. Cytoskeletal stiffening in response to force presumably represents an adaptation that allows a cell to modulate its own mechanically active biochemical network within a mechanical feedback loop. Our identification here of two Rho GEFs that become activated downstream from force applied to integrins increases our understanding of these adaptive pathways. It will be interesting in the future to investigate the universality of these pathways and to determine whether the same or different GEFs are also activated when force is transduced by other cell-surface receptors. 
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Cell lines and reagents. REF52 cells, SYF mouse embryonic fibroblasts and MRC5
cells were grown in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (Sigma) and antibiotic-antimycotic solution (Sigma). Taxol, SU6656 and U0126 were purchased from Calbiochem. FAK inhibitor 14 was purchased from Tocris. Cell-permeable C3 transferase was from Cytoskeleton.
Antibodies. The anti-RhoA antibody (26C4, 1:300) ), anti-Lsc (M-19, 1:500), antivinculin (7F9, 1:1,000) , anti-transferrin receptor (3B8 2A1, 1:300) and anti-Ect2 (C-20, 1:500) were from Santa Cruz Biotechnology. The antibody against LARG was a kind gift from K. Kaibuchi (Nagoya University, Japan, 1:1,000). Anti-Net1 (1:500) was purchased from Abcam; anti-tubulin (1:2,500) was purchased from Sigma. Anti-phospho Src (Tyr416, 1/1,000) , anti-GEF-H1 (1:500) and anti-phosphothreonine-proline (1:500) were purchased from Cell Signaling. Anti-Pan-Ras antibody (OP40, 1:800) was from EMB Chemicals. Anti-Fyn (610163, 1:1,000) was from BD Transduction Laboratories. Function-blocking anti-β1 integrin (P4C10) was from Millipore.
Purification of recombinant proteins. Construction of the pGEX4T-1 prokaryotic expression constructs containing RhoA G17A (ref. 11) and the Rhobinding domain (RBD) of Rhotekin have been described previously 38 . The plasmid containing the Raf1-glutathione S-transferase (GST) construct was a kind gift from C.J. Der (University of North Carolina at Chapel Hill). Briefly, expression of the fusion proteins in Escherichia coli was induced with 100 µM isopropyl-β-d-thiogalactoside (IPTG) for 12-16 h at room temperature. Bacterial cells were lysed in buffer containing 50 mM Tris at pH 7.6 (for GST-RBD) or 20 mM HEPES at pH 7.6 (for GST-RhoA G17A ), 150 mM NaCl, 5 mM MgCl 2 , 1 mM dithiothreitol, 10 µg ml −1 each of aprotinin and leupeptin, and 1 mM phenylmethyl sulphonyl fluoride, and the proteins were purified by incubation with glutathione-Sepharose 4B beads (GE Healthcare) at 4 • C.
Bead coating and force application. Tosyl-activated magnetic dynabeads (2.8 mm; Invitrogen) were washed with phosphate buffer and incubated for 24 h with fibronectin or RGD at 37 • C. After three washes with PBS, the beads were sonicated and incubated with cells for 40 min. Coating with antibodies was carried out according to the manufacturer's recommendations (Invitrogen). A ceramic permanent magnet was used to generate perpendicular, tensile forces on beads attached to the dorsal surface of cells. For all experiments, the pole face was parallel with and 0.6 cm from the culture dish surface. At this distance the force on a single bead was 10 pN. A constant force of varying duration was used for all experiments.
Isolation of adhesion complexes.
Fibronectin-coated beads were incubated with cells for 40 min and the bound adhesion complexes were isolated in ice-cold lysis buffer (20 mM Tris at pH 7.6, 150 mM NaCl, 0.1% NP-40, 2 mM MgCl 2 , 20 µg ml −1 aprotinin, 1 µg ml −1 leupeptin and 1 µg ml −1 pepstatin). Beads were isolated from the lysate using a magnetic separation stand and denatured and reduced in Laemmli buffer.
GST-RBD, GST-Raf1 and GST-RhoA G17A pulldowns. Active RhoA-pulldown experiments were carried out as described elsewhere 13 . REF52 cells were lysed in 50 mM Tris (pH 7.6), 500 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% deoxycholate, 10 mM MgCl 2 , 200 µM orthovanadate and protease inhibitors. After removal of the magnetic beads using the magnetic separator (Invitrogen), lysates were clarified by centrifugation at 13,000g , equalized for total volume and protein concentration, and rotated for 30 min with 30 µg of purified GST-RBD bound to glutathione-Sepharose beads. The bead pellets were washed in 50 mM Tris (pH 7.6), 150 mM NaCl, 1% Triton X-100, 10 mM MgCl 2 , 200 µM orthovanadate, and protease inhibitors, and subsequently processed for SDS-PAGE. For active-Raspulldown experiments, cells were lysed in 25 mM Tris (pH 7.6), 150 mM NaCl, 5 mM MgCl 2 , 1% NP-40, 5% glycerol and protease inhibitors. Affinity precipitation of exchange factors with the nucleotide-free RhoA G17A mutant has been described in detail previously 11 . Briefly, cells were lysed in 20 mM HEPES (pH 7.6), 150 mM NaCl, 1% Triton X-100, 5 mM MgCl 2 , 200 µM orthovanadate and protease inhibitors.
Equalized and clarified lysates were incubated with 20 µg of purified RhoA G17A bound to glutathione-Sepharose beads for 45 min at 4 • C. Samples were then washed in lysis buffer and processed for SDS-PAGE.
Immunopecipitation. Cells were lysed directly in hot gel sample buffer (200 mM Tris (pH 6.8), 20% glycerol, 4% SDS and 5% 2-ME), and boiled for 10 min. Samples were then diluted with 20 volumes of 1% Triton X-100 and 1% DOC in Tris-buffered saline (TBS). A total of 2 µg of PY-20 monoclonal anti-phospho-tyrosine antibody and Protein G-Sepharose were added and samples were incubated for 4 h at 4 • . Samples were then washed five times in 1% Triton X-100 and 1% DOC in TBS, and analysed by western blotting using anti-LARG.
RNA-mediated interference. siRNAs were purchased from the UNC Nucleic Acid Core Facility-Sigma-Genosys (Sigma-Aldrich). The following siRNAs were used in this study: negative control 5 -UCACUCGUGCCGCAUUUCCTT-3 ; RhoAtargeted sequence: 5 -GACATGCTTGCTCATAGTCTTC-3 ; LARG-Arhgef12 (first duplex)-targeted sequence: 5 -GGACGGAGCTGTAATTGCA-3 ; LARG-Arhgef12 (second duplex)-targeted sequence: 5 -TGAAAGAACCTCGAAACTT-3 ; p115-Arhgef1 (first duplex)-targeted sequence: 5 -GGGCTGAGCAGTATCCTAG-3 ; p115-Arhgef1 (second duplex)-targeted sequence: 5 -GGCAAGAGGTCATCAGTG-A-3 ; Gef-H1-Arhgef2 (first duplex)-targeted sequence: 5 -CACGTTTCCTTAGTC-AGCT-3 ; Gef-H1-Arhgef2 (second duplex)-targeted sequence: 5 -CACCAAGGCCT-TAAAGCTC-3 ; Ect2-targeted sequence: 5 -TGCTGAGAATCTTATGTAC-3 . SiRNAs were transfected with Lipofectamine 2000 (Invitrogen).
Magnetic force assay. The UNC three-dimensional force microscope 39 (3DFM) was used for applying controlled and precise 60-100 pN local force on the magnetic beads. Cells were plated on coverslips for 24 h and incubated for 40 min after addition of beads. On force application, bead displacements were recorded with a high-speed video camera (Pulnix, JAI) and tracked using Video Spot Tracker (Center for Computer Integrated Systems for Microscopy and manipulation, http://cismm. cs.unc.edu). The spring constants were derived by fitting bead displacements and applied force to Jeffrey's model for viscoelastic liquid ( Supplementary Fig. S1 ).
Calculation of spring constant. The UNC 3DFM system was calibrated before experiments using a fluid of known viscosity. Displacement of individual beads attached to cells was tracked using Video Spot Tracker software ( Supplementary Fig.  S2a,b ). Beads that showed displacements of less than 10 nm (detection resolution) and loosely bound beads were not selected for analysis. Custom-made Matlab codes were used to calculate the creep compliance (also referred to as deformability), which is defined as the average time-dependent deformation normalized by the constant stress applied (J max = r max ×6π a/F , where a is the radius of the bead; Supplementary  Fig. S2c ). Each compliance curve was then fitted to Jeffrey's model for viscoelastic materials, shown in Supplementary Fig. S2d , using a least-squares method. Stiffness was reported as the value of k in pascals. Subsequent pulses were fitted in the same manner and the average k for each cell type and pulse number was obtained and reported as the mean ± s.e.m. All statistical analyses including two-tailed Student's t -tests for the P values reported were done in Excel.
Calibration of the permanent magnet system. Calibration of the permanent magnet system was done using previously described methods 40 . Briefly, the magnetic beads were diluted in a fluid of known viscosity and placed in a closed well to eliminate drift. The well was then placed at a known distance from the face of the permanent magnet. Particle velocities were obtained using Video Spot Tracker and in-house Matlab programs from which the applied force was calculated using Stokes's formula.
Statistical analysis. Statistical differences between two groups of data were
analysed with a two-tailed unpaired Student t -test. 
